Visualizing the Interior Architecture of Focal Adhesions with High-Resolution Traction Maps  by Morimatsu, Masatoshi et al.
Monday, February 9, 2015 305aA recent combination of traction force microscopy with super resolution imag-
ing allowed for novel research into the nanoscale architecture of force-bearing
focal adhesions. Here we apply this technique to investigate the relation be-
tween local force exertion by the cell and the number of signal transduction
proteins inside the integrin adhesome.
Integrin adhesomes are mechanosensory protein complexes that couple the in-
tracelular force bearing actomyosin structures to the extracelular environment.
These complexes contain signal transduction proteins like paxillin, vinculin, ta-
lin and FAK, that change conformation when force is exerted on the complex.
By immunostaining these proteins with Alexa647 their position can be localized
to 20nminfixedcells.However, due to the photophysical properties ofAlexa647,
and the binding stoichiometry in antibody staining the number of localizations
does not scale linearly with the number of signal transduction proteins. To over-
come this problem we present a novel analysis method to relate the number of
localizations to the minimal number of signal transduction proteins.
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Although pulling forces have been observed in axonal growth for several de-
cades, their exact roles are not fully understood. Here, we quantified retrograde
traction forces in neuronal growth cones as they develop over time in response to
an adhesion substrate using two different experimental approaches. In the first
approach, we used force-calibrated glass microneedles coated with ligands for
the Aplysia cell adhesionmolecule apCAM to guide the advance of Aplysia Cal-
ifornica growth cones. The traction force exerted by the growth cone was
measuredbymonitoring themicroneedle deflection using an opticalmicroscope.
In the second approach, we developed a novel method for measuring traction
forces using an atomic forcemicroscope (AFM)with a static cantilever that con-
tained a ligand-coated microbead and was monitored in real time. Both ap-
proaches showed that Aplysia growth cones can develop maximum traction
forces up to 100 nN, which is an order of magnitude higher than previously re-
ported for other experimental methods or growth cones. Moreover, our results
suggest that the traction force is directly correlated to the stiffness of the micro-
needle, which is consistent with a reinforcement mechanism supported by other
research. Contrary to our expectation, the level of force does not predict whether
the growth cone will advance towards the adhesion site or not, but the level of
microneedle deflection does. In cases of adhesion-mediated growth cone
advance, themean deflectionwas 1.075 0.09 mm. By contrast, the mean deflec-
tion was significantly lower (0.495 0.04 mm) when the growth cones did not
advance in response to the adhesion substrate. In summary, our results provide
novel insights into significance of substrate deformation as opposed to traction
force for the regulation of adhesion-mediated directional growth cone advance.
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Cutaneousmelanomacells secrete and assemble amyriad of extracellularmatrix
molecules into dense fibrillar and globular networks. We hypothesize that this
tumor biofilm is dynamic and protective in response to external insults. Using
quantitative proteomics,we identify the components and determine the temporal
evolution of the tumor biofilm. Fibronectin was found to be one of the key archi-
tectural components, regulating drug efficacy for a broad spectrum of therapies.
Stable cell lines engineered to secrete minimal levels of fibronectin in clonally
derived 3D tumor aggregates became sensitive to cisplatin and BRAF and
ERK inhibition. These cells failed to successfully form tumors in mice and re-
mained dormant under hypoxic conditions. To determine if the protective prop-
erties conferred by fibronectin biogenesis similarly affectmalignant cell survival
in newmicroenvironments duringmetastasis, we evaluated tissue tropism of our
stable cell lines in an intracardiac model of injection and correlated fibronectin
production with broader colonization of diverse tissues. This suggests that the
extracellular matrix proteins assembled by tumor cells are dynamically regu-
lated in response to physical and chemical properties of the surrounding tissue.
We reason that the architectural complexity conferred by integrating fibronectin
into the tumor biofilm provides the degree of plasticity and flexibility that allows
for better colonial adaptability and survival in response to microenvironmental
perturbations.1527-Pos Board B478
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Mechanical cues are increasingly recognized to play a crucial role in the regu-
lation of cellular fate and function. However, the underlying mechanisms of
cellular mechano-sensing still remain a topic of open debate. Traditionally, ad-
vancements in this field have been made using polymeric substrates of adjust-
able stiffness with immobilized linkers. Recently, we introduced an alternative
strategy, in which cells are plated on a laminin-functionalized, polymer-teth-
ered multi-bilayer stack of adjustable substrate stiffness.1-3 Here, we apply
the biomembrane-mimicking cell substrate design to explore the mechano-
sensitivity of C2C12 myoblasts in the presence of N-cadherin linkers. Experi-
ments are presented, which illustrate a relationship between the degree of
bilayer stacking and properties of plated cells, such as morphology, cytoskel-
etal organization, cellular traction forces, and migration speed. Furthermore,
we demonstrate the dynamic assembly of bilayer-bound N-cadherin linkers un-
derneath cellular adherens junctions. In addition, properties of individual and
clustered N-cadherins are examined in the polymer-tethered bilayer system
in the absence of plated cells.
On the basis of the biomembrane-mimicking cell substrate concept, we also
discuss recent results on a linker-functionalized single polymer-tethered bilayer
substrate with a lateral gradient in lipopolymer concentration (substrate visco-
elasticity). Specifically, we show that the lipopolymer gradient has a notable
impact on spreading, cytoskeletal organization, and motility of 3T3 fibroblasts.
Two cases are discussed: (1) polymer-tethered bilayers with a sharp boundary
between low and high lipopolymer concentration regions and (2) polymer-
tethered bilayers with a gradual gradient in lipopolymer concentration. Another
set of experiments demonstrates that substrates with lipopolymer gradient can
also be built using a polymer-tethered double bilayer system.
1. D. E. Minner et al. (2013) Soft Matter 9, 9643.
2. D. E. Minner et al. (2014) Soft Matter 10, 1189.
3. L. A. Lautscham et al. (2014) Biomaterials 35, 3198.
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Mechanical stimuli profoundly alter cell fate, yet the mechanisms underlying
mechanotransduction remain obscure due to a lack of methods for molecular
force imaging. In this presentation, I will describe the development of second
and third generation mechanophores (molecules that fluoresce upon experi-
encing force) for imaging molecular forces exerted by individual integrin
cell surface receptors. Specifically, we developed a new class of molecular ten-
sion probes that function as a switch to generate a 20-30-fold increase in fluo-
rescence upon experiencing a threshold piconewton force. The probes employ
immobilized DNA-hairpins with tunable force response thresholds, ligands,
and fluorescence reporters. Quantitative imaging reveals that integrin tension
is highly dynamic and increases with an increasing integrin density during
adhesion formation. Mixtures of fluorophore-encoded probes show integrin
mechanical preference for cyclized-RGD over linear-RGD peptides. Multi-
plexed probes with variable guanine-cytosine content within their hairpins
reveal integrin preference for the more stable probes at the leading tip of
growing adhesions near the cell edge. DNA-based tension probes are among
the most sensitive optical force reporters to date, overcoming the force and
spatial-resolution limitations of traction force microscopy. The application of
these sensors to image forces associated with a range of mechano-regulatory
processes that occur at the lipid membrane of the cell, such as endocytosis,
Notch receptor activation, and integrin adhesion receptors will be described
as well.
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Living cells are responsive to mechanical cues from their surroundings. A pri-
mary means by which cells sense and transmit mechanical force is through in-
tegrins, a class of heterodimeric, transmembrane proteins that physically link
306a Monday, February 9, 2015the actin cytoskeleton to the extracellular matrix (ECM). How these proteins
assemble into force sensing and transducing structures is poorly understood,
due largely to a lack of methods that directly visualize the mechanical force ex-
erted by integrins with nanometer spatial resolution. Here we use Fo¨rster reso-
nance energy transfer (FRET)-based molecular tension sensors (MTSs) to
visualize the forces exerted by integrins in living cells. Simultaneous super-
resolution imaging of MTSs and GFP-tagged cellular proteins results in
maps of force-producing structures within focal adhesions (FAs) with sub-
diffraction spatial resolution. We find that on our Arg-Gly-Asp (RGD)-present-
ing surfaces avb3 integrin localizes to high force regions, whereas a5b1 integ-
rin localization is more diffuse. The canonical FA proteins paxillin, vinculin,
talin, and a-actinin colocalize with force production. Surprisingly, paxillin,
which is not generally considered to play a direct role in force transmission,
shows a higher degree of spatial correlation with force than vinculin, talin, or
a-actinin, proteins with hypothesized roles in force transmission. Super-
resolution imaging reveals that MTS-measured tension, paxillin, and actin
form linear structures in many adhesions, suggesting that the fundamental
unit of FA assembly may be an actin bundle connected to the substrate via a
variety of integrin- and actin-binding complexes. The high degree of spatial
correlation of both paxillin and avb3 integrin with mechanical tension suggests
that these proteins may play direct roles in cellular mechanotransduction.
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Cell traction forces generated via the actomyosin interaction within the cell
play a critical role in many biological and pathological processes including
angiogenesis, wound healing, embryogenesis, metastasis, tumor invasion, and
inflammation. In the case of tumor invasion, several studies have reported a
correlation between cellular traction and invasion potential; however, these re-
sults are inconsistent. In their study, Kraning-Rush et al. reported a positive cor-
relation between cellular traction as measured by total force and metastasis
potential. On the other hand, Koch et al. reported a negative correlation be-
tween tumor cell invasion and cellular traction as measured by strain energy.
We hypothesized that this ambiguity could be a result of overlooked effects
of other parameters on measured cellular traction. Using finite element
modeling of cell traction, we explored the effect of multiple morphological
and mechanical parameters on the measured cellular traction using both strain
energy and cellular traction forces as the model outputs. Our results demon-
strate a clear dependence of strain energy on substrate stiffness, cell polarity,
and contact area, whereas, total force was independent of any of the tested pa-
rameters. In addition, our results predict the ability of cells to alter the apparent
stiffness of their environment by changing their focal adhesion size.
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Tissue cells exhibit varying responses according to the stiffness of their extra-
cellular matrix (ECM). Currently, the mechanism of this stiffness sensing is not
fully understood. We believe that cells probe stiffness by applying intracellular
force to the ECM via the integrin-mediated focal adhesions. In previous studies,
the linkage of integrins to the cytoskeleton has been modeled as slip clutches,
which are shown to affect focal adhesion formation and hence force transmis-
sion in a stiffness dependent manner. In contrast, the bonds between integrins
and ECM have been characterized as ‘‘catch bonds’’. It is unclear how ECM
viscoelasticity affects these catch bonds. Here we report the effects of ECM
stiffness on the binding strength of integrins to ECM ligands by measuring
the rupture force of individual integrin-ligand bonds of cells on collagen-
coated polyacrylamide gels. Results show that the median breaking force of in-
dividual integrin-collagen bonds of 3T3 fibroblasts increases according to gel
stiffness. The stronger integrin bonds on stiffer substrates can promote focal
adhesion formation, suggesting that the substrate stiffness regulates the cell-
ECM adhesions not only by affecting the cytoskeleton-integrin links but also
by modulating the binding of integrins to the ECM.
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Experiments suggest that the migration of some cells in the three-dimensional
extra cellular matrix bears strong resemblance to one-dimensional cell migra-tion. Motivated by this observation, we construct and study a minimal one-
dimensional model cell made of two beads and an active spring moving along
a rigid track. The active spring models the stress fibers with their myosin-driven
contractility and alpha-actinin-driven extendability, while the friction coeffi-
cients of the two beads describe the catch/slip bond behavior of the integrins
in focal adhesions. In the absence of active noise, net motion arises from an
interplay between active contractility (and passive extendability) of the stress
fibers and an asymmetry between the front and back of the cell due to catch
bond behavior of integrins at the front of the cell and slip bond behavior of in-
tegrins at the back. We obtain reasonable cell speeds with independently esti-
mated parameters. We also study the effects of hysteresis in the active spring,
due to catch bond behavior and the dynamics of cross-linking, and the addition
of active noise on the motion of the cell. Our model highlights the role of alpha-
actinin in three-dimensional cell motility and does not require Arp2/3 actin fila-
ment nucleation for net motion.
1533-Pos Board B484
Understanding the Role of Substrate Elasticity on Intracellular Stresses
during Cell Spreading
Magdalena Stolarska1, Ahmad Zoubi2, Aravind Rammohan3.
1Mathematics, University of St. Thomas, St. Paul, MN, USA, 2Corning, Inc.,
Corning, NY, USA, 3Manufacturing, Technology, and Engineering, Corning,
Inc., Corning, NY, USA.
We present a two-dimensional mathematical model and finite element simula-
tions of a cell interacting with a deformable substrate to better understand how
substrate mechanical properties affect cellular mechanical response and spread
areas. The cell is treated as an actively deforming hypoelastic material and the
substrate is linearly elastic. The model predicts stress and displacement fields in
both the cell and the substrate. This model of cell and substrate mechanics is
coupled to models describing active cellular deformation due to stress fiber
contraction and evolution of focal adhesions. In this work we compare cellular
stresses and substrate displacements predicted by the model on substrates of
increasing stiffness against two experimental works i) Hersh et. al. 20131
with cardiomyocytes and (ii) Marinkovic et. al. 20122 with hMSc’s. The model
predicts an increase in compressive stresses within the cell for the two cell types
with increasing substrate stiffness between 1kPa-90kPa, which is in agreement
with experimental results. Further model predictions of increase in substrate
displacements with substrate stiffness are in good quantitative agreement
with the experimental results. In addition on softer substrates we predict that
increased stress fiber contraction due to a greater compliance of the substrate
at the sites of attachment results in smaller spread areas.
References:
1) Constant beat: Cardiomyocytes adapt their forces by equal contraction upon
environmental stiffening, N. Hersch et. al., Biology Open, 2013, 2: 351-361.
2) Improved throughput traction microscopy reveals pivotal role for matrix
stiffness in fibroblast contractility and TGF-b responsiveness, A.Marinkovic
et al., Am J Physiol Lung Cell Mol Physiol. 2012, 303: L169–L180.
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To understand cell adhesion and migration, it is crucial to have information on
cellular traction stress. Most traction force microscopy only measures shear
stress. Recently a few group developed develop methods to measure normal
stress and mostly based on finite element method. We report our finite
element-method to compute three-dimensional (3D) traction stress exerted by
human mesenchymal stem cells on a two-dimensional compliant polyacryl-
amide substrate embedded with fluorescent nanoparticles. The images of nano-
particles are acquired by confocal microscopy. We tracked the displacement of
nanoparticles and computed strain, stress and strain energy by ANSYS. We
examined both experimental factors and calculation that affect the resolution
of the force measurement, especially in z direction. The stress measurement
of the third dimension provides complete information on traction stress.
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Many studies have shown atherosclerotic plaques are heterogeneous in
stiffness. What still remains unclear, however, is how this heterogeneous
